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SUMMARY 6 01425 8579

By Harvard Lamax

Dynamic maneuvers consisting of periodic rudder and alleron con—
trol deflections are considered with respect to the meximum sideslip
angles developed and the position of the rudder at the time of maxi—
mum sideslip. The most loglical and simplest maneuver of such a type
is shown to be that in which the rudder is osclllating with the
aileron locked. Such a maneuver is campared to two other dynamic
maneuvers, the rudder kick and the rolling pull—out. The comparison
shows that for certain configurations one and one-haelf cycles of
rudder motion are sufficient to produce tall loads of the same order
of magnitude as those obtained in a rolling pull-out maneuver; and
that for all configurations one cycle of rudder motion is sufficient
tc produce more sideslip than that obtained from the rudder kick.

A method is also given for computing the maximum sideslip
angles when the forces and moments are nonlinear functlions of the
gldeslip,

INTRODUCTION

The maneuvers analyzed In this report were those of an airplane
in a side—slipping oscillation produced by certain comoinations of
periocdic rudder and aileron control movements. Two principal types
of these maneuvers were considered: one in which the airplane had
reached a steady—state oscillatlion called the fishtalling maneuver;
and the other in which the airplane was in the transient state
preceding the steady—state oscillations.

Since the purpcse of the report was to discover the maximum
tail loads which would occur in the steady—state fishtalling and
trensient meneuvers, all principsl types of control variations and
combinations were considered. This was done by giving the rudder
a periodic osclllatlon and superimposing the effects of the aileron



2 : NACA TN No., 150k

oscillations. In this manner three basic maneuvers were defined:
maneuver A in which the ailerons were locked; maneuver B in which
the ailerons were applied so as to hold the wings level; and
maneuver C in which the ailerons were applied so as to reduce the
roll. In order to assess the velue of such maneuvers as criteria
for critical tail loading, the maximm sideslip angles obtained
from them were compared with the maximum sideslip angles obtalined
from two other dynemic memeuvers, the rudder kick and the rolling
pull—out.

The analysis was carried out by means of the well—known
lateral—-stebility equations{reference 1) in which for convenience
the rudder and alleron motlons were asgumed to be sinusoldal functiomms
of time, Numerical computetions were made using a large numbexr of
derivatives representative of conventional alrplane des.gn to verify
the genereal theory developed.

The results of the computations showed that, when in a state of
resonence with the rudder, the motion of the alrplane coull be obtalned
with satisfactory accuracy from the solution of a much simpler equiva-—
lent differential equation of second degree. "By means of this
modification the analysis was extended to include the effects of
nonlinear varistions of the forces and moments with the angle of
gideslip.

COEFFICIENTS AND SYMBOLIS

The coefficients and symbols defined herein are referred to the
so—called "stability axes," the origin of which is fixed-at the center
of gravity. At the begimning of the motion the Z-exis 1ls in the plane
of symetry and perpendiculer to the relative alr stream, the X-axls
is in the plene of symmetry and parallel to the relative alr stream,
and the Y-—axis is perpendicular to the Z— and X-exes; and thenceforth
throughout the motion of the airplane the axes remain fixed with
respect Lo the airplans.

/b wing span, feet
/ S wing area, square feet
/m mess of airplane, slugs
/ '7. distance from center of gravity to rudder hinge line, fest

T4 acceleration due to gravity, feet per second squared

™
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L 3

L 34

radius of gyration about X-axis, feset
radius of gyration about Z-axis, feet

dimensicnless radius of gyration about X-axls [( ?—)a‘]

2
dimensionless radius of gyration about Z-exis [ 2%_2_ :'

air density, slugs per cubic foot

velocity of airplane along flight path, feet per second
free—stream dynamic pressure (%pV®), pounds per square foot
angle of sideslip, radians

angle of sldeslip, degroes

rate of roll, radiens per second

rate of roll with respect to aercdynamic time

rate of yaw, radians per second

rate of yaw with respect to a,e_rodynamic time

component of flight velocity along Y-axis, feet per second
angle of bank, radiens °

lateral-force cosfficient <rorce ai;ng X-e.;is >

rolling-momsnt coefficient <moment a‘;:ut X-exis >
9

increment in applied rolling-moment coefficlent

yewing-moment coefficient <momen-t, a‘b;:t Z—exis >
@

incremsnt in sapplied yawing-moment coefficlent
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time, seconds
serodynamic time [t(oVS/m) ]
relative density coefficient (m/pSbH)

rudder engle (positive when trailing edge to the right),
degrees

alleron angle, degrees

Ba,s Ba, maximum values of components of aileron motion

Cnaa

VCnsr

v Clsa

s A

Ay

~ B

rate of change of yawing-moment coefficient with aileron

deflection <§%n>, per degree
8,

rate of change of yawing-moment coefficient with rudder

deflection (-2%3), per degree

rate of change of rolling-moment coefficient with aileron
angle (35& s DOTr uegree

part of root of stebility quartic, damping factor
demping factor, meneuver B
part of root of stability guartic, frequency factor

frequency facJior, meneuver B

(§)

(5%

(%) |

-
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li,2,8

My,2,s

coefficients of By, Bz, and By in nonlinear expression
for Cy

coefficients of PBi1, Bz, and Be in nonlinear expression
for Cn

c
(2

2(g2)
alleron yaw factor (Uc%g:)

ratio of maximum rolling velocity developed Iin maneuver
C to that developed in meneuver A

frequency of sideslip oscilletion in nonlinear
solution
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W frequency of rudder oscillation, 2 xn times cycles per
uwnlt aerodynanmic time
N number of half cycles
~ Hy, Hp components of sideslip produced by sinusoidel rolling
moment ' C
Subscripts .
v, a — Vudd'&{|a, leron
v 0O meximum value of amplitude
R maximum velue of amplitude at resonance
u refers to solution for unit control deflection
v 1 refers to mobtion produced by rolling moment only
n refers to motion produced by yawing moment only

v all yew refers to yawing moment due to aileron deflectiom

~ BRK refers to rudder kick
v RP refers to rolling pull-out
R refers o number of half-cycles
v A refers to meneuver A, allerons locked
~ B refers to maneuver B, allerons applied to maintain
zero rolling velecity
/C refers to maneuver C, alleroms applied to reduce

rolling velcocity

FISHTAILING MANEUVER
Anslysia

For all maneuvers consildered the enalysis was initiated by
solving the well-Xnown leteral stebility equatlions
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G c1 C:
A A
EEsp—£+r—+2uB—B—+ACz?-E
ar ia ia i, i
c.
E—izsc_n_p*.;_]ir_.’.agﬂcjg.*M ﬂ". (l)
ar 1, ic i, 1 i

d -~
EE’”%GL‘P‘I""B%CYB

for the initisl conditions p=r =B =@ =0atT = O.

Since the equations are linear, their solutions are obtained by
standard methods from the use of operators. (See, e.g., reference 2.)

A: Alle koed.— The particular solution for
the rate of change.of sideslip produced by holding the aileron
fixed AC; = O and suddenly deflecting the rudder-by an emount
8r can be written :

T
'(E ( ic >_ c;_eh + caela"'.... (Ce cos BT + C4 8in B-r)eAT
dT/u \2 Bylng B (2)

vhere the constants A\, Az, A, B, C;, C2, C3, and G, depend upon
the stability derivatives of equation (1). These constants are
presented in teble II for each of the 27 different combinations of
derivatives listed in table I. The maximm value of sidesllip in
an silleron-locked rudder—osciliating maneuver can be determined by
the use of these derivatives in conjunctlon with equation (2).
However, the complexity of the results obtained from the use of
equation (2) led to & search for some simplifying assumptions
which would still give reasonsble accuracy. Such & simplified
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solution would be especlally desirsble for use in the study of
nonlinear aerodynamic characteristics and in the study of maneu—
vers in which the alleron was applied. It would also provide a
gimple closed formule for the maximum sideslip which would be
useful in interpolating for derivatives not listed in the table.
An inspection of table II immediately suggests that the terms
conteining C;, Cz, and Cq be neglected in comparison with .the
term C,. A colum of 1/B is given in table III and a com-
parison of this quantity with C; also suggests that the
equation C, = — 1/B will hold. Finally then equation (2) is
reduced to

‘ 280
( Q'-E ;B e —22.“_. eA!r ain BT
ar 1B (3)

The check on the accuracy of results derived dy the use of equation
(3) rather than equation (2) was provided by solving for the mexi-—
mm steady—-state sideslip using both equations and compering the
results. This comparison which will be presented later showed that
the use of equation (3) was Justified for practical results.

Equation (3) glves the rate of chenge of sideslip for a
so—called "unit" deflection of the rudder. This is very useful,
gince from it the sideslip from any rudder deflection &u(T) can
be built up by suitable superposition (reference 2). Thus

B = AT[QES‘iL]u 8p( T—x)dx (¥),

where x i1& a dwmy variable of integratlon.

The discuseion in this report will be limited to oscilletions
produced by a sinusoidel control—~surface verietion given by the
equation By (r) = By, sin wr. The cholice of such a control varia—
tion wes brought about obviously by convenience. If, however, some
other periodic control motion is chosen, the resulting alrplene
motion brought ebout by its application cen be found by a suitable
superposition of the sinusoidal results. The type of superposition

-

-
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is given by expanding the new function in terms of a Fourier seriles.
Further, the expansion cen always be made in a series containing
only sine terms if the function is perliodic and zeroc at time zero.

For the limiting case in which the control motion 1is chosen to
be the so—called "square wave" the expansion is well known as

8p = By, Z 2n]_'_l sin w (2n-l) 7 (5)

n=21

A+

It can be shown that the contribution to the maximum sideslip of

the third hermonic is at most less than one—tenth of the contri-
bution of the first harmonic, so that in the summation the
contribution of the third harmonic is onse—thirtieth of that of the
first harmonic. Thus the only important effect or using a square
wave as given by equation (5) rather than & pure sine wave of the
same frequency is to increase the maximum amplitude of the sideslip
computed Por the sinusoidal control by the factor ll»/x. This results
in an increase of about 27 percent in maximm sideslip for the square
wave over the sine wave.

Use of the square wave would, of course, be unduly conservative,
since 1t represents an unattainable upper limit. The choice of any
other periodic function is purely a matter of Judgment. It 1s
believed, however, that the sine wave 1s not unconservative but
rather g falr average of what the pilot is likely to apply.

To obtain the meximum sideslip from a sinuscidal rudder control,
then, such that

8p(T) = O, sin wr

equation (4) reduces to

T
Ba = Mf eAX gin Bx sin w(t—x)dx (6)
icB o
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The solution to equation (6) is

By Cpg
B .__%CT;.B_!_ -{[Gl cos BT + (Gz2 + Gg) sinBTJ' T |

- Gy coe o7 - (Gg — G2) sinoT } (7)

where

Gp = B+ B > o (8)
A% 4+ (04B)®

®»-~3B
O @or | J

The steady-state solution of equation (7) can be put in the form

ﬁAﬂm

AB i

X sin (omy) (9)
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where

(20)

Equation (10) is more useful, however, when it is used to express
the ratio of the rudder angle when the airplens is at its maximum
s8ideslip angle to the maximum rudder angle. This expression is

G N O R O
i Y CORICREEGH

Equations (9) and (11) are the complete solution for the aileron-
locked meneuver for any ratio of the applied rudder frequency to the
natural frequency of the esirplesne /B and for sny ratioc of natural
damping to natursl airplane frequency A/B. Principal interest, of
course, is centered on the speciel case of these solutions when the

" rudder motion and the girplane motion are in resonance, This
resonant value can be determined by finding the mexinum wvalue of 8
in equation (9).

This maximum éccurs when %-/l-;%‘- and for such a valve

equations (9) and (11) reduce, respectively, to
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. 8r, Cng M
e (22)
and
-———6—1:0—-——— = e § 3
ilerons ed to hold w evel.— An analysis

of this maneuver was considered to some extent in reference 3, but
no consideration was given to the effects of aileron yawing moment
or to the effects of dihedral. These effects are of varying impor-
tance, depending on the magnitude of the dihedral and directlional
stability. The procedure used in this section was to develop the
equations for sideslip and rudder position, first considering the
effect of dihedral and neglecting that of the alleron yawing moment.
The development was next extended to include the effect of the
alleron yawing moment.

Effect of dijedral .~ Since the rate of roll and angle of bank
are being held constent at zero, equation (1) reduces to

Cip CzB 2 7
t—1 o — —— u
O=TrT i, + 2up 1, + &0y 1:

~ C c

ar _ 2 Pr ng 2u
& - p 4 2uB -

rraitd i + 2uB . + LCp I, > (14)
a8 A~ .2
ar - -r+ = BCYB

J
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In order to simplify the analysis the term £ %%11 which is

C ———
smell as coampared with 2up 1&& was neglected and line 1 of

equation (14) was written
Ba Claa' = — BClg (15)

Later, some computations were made including the term C,

that scme idea of the magnitude of its effect could be obtained.
These resulis are presented In the section headed Discussion.

80

The remaining terms of equation (14) cen be rearranged to
form a second—order differential equation in B, thus,

azp

Cn ap Cn 21-'-%)
T -1;“*"2'0!5)&—7* <%CYB1'5T'""_13E B
2

8roCns ein or = O

+ (16)
F) 10

where the yewing moment due to sinusoldal rudder displacement
8ro Cnp, sin wT hes been:substituted for Alp. Equation (16)

cen be solved by ordinary methods to yleld & resonant solution

- m</——-— - a:::) -
l L1 AC 2} 1
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The expressions corresponding to equations (12) and (13) for this

case are
5ro cnarﬂ 18)
aBR - A3B)y i, (
and
51‘0 B]_
where
cn W
1 =—< ——.1:- + : G!B )

& (20)

[(cn '1'°Ya> ""'r‘)

But since —i- and éqﬂ are small, one-fourth ﬂcw square of
c

ng
their difference is negligible as compared to 2u _Tc. s hence,

By, x fou =B (21)
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Effect of ailleron yawing momsnt.— Equation (18) 'gives the
maximum resonant sideslip developed with ailerons applied
8o as to hold wings level, yrovided the allerons produce
no yewing moment. The effect of slleron yawing moment can
be estimated closely enough by considering egquatiomn (15)
with (16) and using & solution to equation (16) which is

not quite the resonant sclution given by equation (17), dut
rether the simpler solution

Bro Cap,

= —— coS By T (22)
P A1B, 1,

3 C
where %CYB =7~ is neglected vhen added to 2u —;ﬁ, 8o

c ]
thet By is again given by equation (21). A comparison of
equation (22) with equation (17) shows that the difference
between the two equations 1s manifest in a slight phese shift

/B2 2
of magnitude T 4+ tan—t ML)L, At a time
2 Ay By

vhen the value of the sideslip given by equation (17) is a
maximm, this phase shift causes the value given by equation
(22) to be lemss by a factor

2”%-%(%-%"3{6)2

c
Cng Crp
2u ic-l-.g-cys r}

c [}
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Using the values of the derivatives from table I in the proe—
ceding expression shows the correction brought about by its
use 1s small enough to be neglected in estimating the effects
of the aileron yawing moment. Accordingly, the simpler
expression for sideslip given by equation (22) will be used in
the remainder of this section. Let the aileron control move—
ment be given by

5& = bal sin B].T + aaacoa BJ. T (23)

8o that the corresﬁonding moment equations will be ’

&Ly = By, 07-53, sin By T+ By, clba cos By T

(2k)
&Ln = kBq, Czaa sin B; T+ klg, Czaa cog By T
vhere k 1s the aileron yaw factor
= C c (25)
k naa / 288.

Adding to equation (24) the effect of the rudder gives
for ACph

ACp = (Bp, Cng,. + kda, Czaa) sin BaT + kBg, 07,5& cos Byr (26)
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Substituting for &, Cng,. sin @T in equation (16) the

disturbance indicated by equation (26) the expression
corresponding to equation (22) becomes:

K
Bp = AyBiic [ (z, Cng, + kBe, C1g,) cos Ba7
(27)

~ kBq, Cz§a 8in By T ]

Placing this in equation (15) yields the two equaticmse

Cig »
ey CZaa = K1B1ig k8go G135, B
HC1p
- Baz Clgg = — AaBal, (5r°Cn5r + kBay C1g,)
These cen be solved for aa;_ and 83,. Using equations
(27) end (18) the ratio of (ﬁBR)ail - the maximum

sideslip developed with alleron yaw conslidered, to BBR’
the maximium sideslip developed neglecting alleron yew is

(BBR) o131 yew (28)

R e d‘:ﬁiic)
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Maneuver C: Allerons applled so as to reduce the roll.— The
magnitude of the sideslip developed in this meneuver depends upon the
emount the roll is reduced by the ailercms and the phase difference
between the aileron and rudder movements. Certainly the most critical
phase relationship should be consldered, since for such short time
intervals the pillot would not be expected to hold any fixed phase
relationshlp between the ailerons and the rudder, However, the amount
the xo0ll is reduced is a somewhat arbitrary matter and consequently
the factor Q, the ratio of the meximum rolling velocity developed in
this maneuver to that developed in an alleron—locked mameuver, will
be a parametsr in the solutions,

The analysls will be restricted to the case in which the aileron
and rudder control movements have the same perliocd. In the study of
maneuver B this was not an assumption but a necessary condition for
maintaining wings level. In sddition the sssumptions will be made as
before that C3, ocan be neglected, and again the solution to equation

(1) for the sinusoidel rudder deflection corresponding to eguation (22),
will be used Iin which the sideslip 1s 90° out of phase with the yewing
moment at rescmance,

Again consider that the aileron control motion and the corre—
sponding moments be given by equations (23) and (24). The steady~—
state solution of equation (1) for the sideslip caused by the
rolling moment of equation (24) is given by the equation

By = Cip, %s [ (8a;82 — 8a Hy) 8in Bt + (Ba,H; + Ba Hz) cos Br ]
| | (29)

where the values of H; and Hz were determined by e complete
numerical solution of equation (1) in which nothing was neglected.
These values are proasented in table III for each of the 27 config—
urationa of table I. The rolling velocity caused by the rolling
moment is determined by using equations (24) and (29) in equatiom
(1) and neglecting Cj, thus:
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L pBeat = ety o,
Pz-( ?4.35 > i‘ s T

(355,,* + 7v:p°a.a* 2;107,5‘

12 + B2 L ceRT | (0

vhere

Bao* = Ba, + I1g HaBp, + 18 H38a,

(31)
Bay* = 8a, + Ip Halpy — ip Hibs,
It the rudder disturbance 1is
8y = 8y, 8in BT (32)

so that the total yawing moment is given again by equation (26), then
the sideslip and rolliing velocity will be, respectively,

k C k C
-—-—2“1 L “) cos BT + _—wi'B:. s sin B~ (33)
c

P = ~(Pag +
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kla Cis M
—~BBAnlp — (Bdg, + 2,5, )
ﬁnn [ RP 2B 1o - L ]sinB'r
12 + B2
: klpCzaau
IPSARIB + —A-ITI-— (2p531 — BBg,)
+ [ g ] cos BT (34)
ZPZ + Ba

Equations (30) and (34) can now be added to give the total rolling
velocity for the applied control movement given by equations (23) and
(32). The restriction applied to the msneuver is that the maximum
value of this total rolling velocity should be Q times the maximum
value of the rolling velocity for the same rudder movement but with the
ailerons fixed. This condition leads to the equation

by 1y, 1015 2 - 2:0.:; ) 2
Bap B (1+HZZB)2 + (E;ZB - :i:i: y
2
. Baz Clg,  C1p (14H2 1p) —]
Pag (1+H21p)% + ( Hilg - :::::ﬂ
. & e (35)

- _kig 1g\3
(1+H21g)" + (leg 21D )
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which gives the relatiomnship between aal and Baz, which must be
satisfied for any particular configuration and choice of Q.

Equation (35) is the equation of a circle in terms of —————
5&2 025a . ﬁAR
and of radius '
ﬁAR
C1aQ -
kial -]
148zl )2+(xz -8B )
( B 1B T 21oaB

Points on this circle represent the different phase relatio'nsh:lps- .
which the ailercn may take relative to the rudder always maintaining

8ay C1g
the same value of maximm rolling veloccity. As
8az Cip, Pag
move around this circle the amplitude of the sideslip has

and

BAR
both & meximum and 2 minimm, If Q is set equal to one, the circle
must always pass through the origin of the coordinste system as this
special point, where aal = 83, = O, represents the allercn—locked

maneuver. On the other hend, when Q 1is set equal to zerc the
circle reduces to a point and this point represents manseuver B.

In order to find the point where‘ the maximun resonant amplitude
of the sideslip PBgcr 1s obtained, the sum of equations (29) and

(33) must be considered. Thus,
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Bo \?_ oo Cleye e °‘5a"< g _ Kl ]2
<BAR [ TaPAR TaPAR * T 21,48

- , -
[ 1aBaAR 1aBAR 21,AB

)]2 (36)

BCR
Equations (35) and (36) are sufficient to fix — for any config—
uration and value of Q. PAR

Discussion

H — Since the equations developed
from the analysis of maneuver A proved to be the most useful and
important, they were most thoroughly studied both from a mathematical
and a physical standpoint. Equation (12) summarizes the results for
this meneuver in that it presents the maximum resonant value of side—
slip. The fundemental check on this equation was to compere the
maximum sideslip obtained by its use with the maximum sideslip
obtained by the use of complete numerical solutions coamputed using
all of equation (2). The results of this check are presented in
table IV where the ratio of Bap as determined from the complete
numerical solutions to the value of 5AR as determined from equation
(12) is tabulated for each of the 27 configurations under the heading
(PAR) true/ (PAR) g gy ThIS Tatio was also plotted in figure 1

agalinst an° with Czﬁo, as g parsmeter. The figure shows that for

the entire range of configurations chosen, the error in using equation
(12) was nowhere greater than 7 percent and this error occurred for
the combination of low directional stability and high dihedral and,
further, was conservative.
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Data were obteined in level flight in the crulsing condition at an
average indicated airspeed of 245 miles per hour at a pressure
altitude of 7500 feet. A total of 23 satisfactory runs were mmde
with a range of periods from 1l.45 to 3.2 seconds.

Values of the natural dsmping factor A and the natural fregquency
factor B were determined from damped—oscillation flight tests. A

value of Cnp, was determined from wind—tunnel tests of a powered

0.1l7-scale model and was verified by flight tests. These values
were used in equation (12) to compute a value of PBpp/dr, of 3.15.

The actual ratio of BAR/8r, measured in the oscillating rudder
flight tests was 3.02. Thus the maximum resonant sideslip predicted
from equation (12) was within 5 percent of that obtained from flight
tests and, further, was conservetive. A further check on the theory
was obtained by dividing the maximum value of sideslip angle obtained
from a given rudder frequency by that obtained in resonance and com-
paring such velues cbtalned from the flight test with those cbtained
by the use of equation (9). This comperison is shown in figure 5
for the range of rudder frequencies tested. The figure shows that
excellent agreement was obtalned between the theoretical values and
those obtalined from experiment. Similar agreement was obteined
between flight tests and theory of the ratio of the rudder angle at
meximum sideslip angle to the maximum rudder angle. (See fig. 6.)

Maneuver B: Allerons applied to hold wings level.— In order to

form some basis for the évaluation of maneuver B, equation (18) which
was derived neglecting aileron yawing moment will be compered with
equation (12) which gives the maximum sideslip for maneuver A. The
ratlio of the two sideslips 1s therefore

PBR AB

— o — (37)
Bag 438,

This ratio is given in table IV for the 27 configurations of table I,
but the results can be summarized in figure 7 which is a plot of the
equation (37) for configurations 1 through 6. This figure shows that
for the values of Ci1pgo more negative than ~0.0002, corresponding to
velues of effective dihedral greater than about 1°, maneuver A is

more critical than maneuver B, and that this is independent of the
value of directional stability.
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An idea of how critical the resconant value of sideslip is with
the ratio of the rudder period to the natural period of the alrplane
cen be cbtained from figures 2 and 3 in which equations (9) and (11)
are plotted for a value of T which mekes equation (9) a maximum.
These figures indicate that airplanes with relatively low values of
A/B are less likely to attaln the value of Bap predicted by equation
(12) since to do so the period of each rudder oscillatiom must be
made relatively much cloger to the natural period of the alrplane.
The likelilhood of a pilot maintaining the period of a rudder oscil—
lation within a given percentage of some fixed period is of course
controversial. Analysis can only predict the value of sideslip
ocbtelned from any rudder frequency which the pilot might apply, and
the limits of allowable rudder frequency which he must hold in order
to malntain aensibly the resonant value of sideslip given by equation
(12). In this latter connection, since it is maximum tail load
rather than maximm sideslip which forms the basis of this report,
figure 4 should be studied in conjunction with figure 3. To a first
approximation the rudder o can be multiplied by the rudder
effectiveness factor (Oa4/08r)o;, and added to the sideslip to
form an effective sideslip angle on which tall loads can be based.
Such a procedure Indicated that the critical tail load can be higher
than that obtalned at resonance and that the criticel range of
frequenclies can be extended samewhet. These differences, although
small, can be camputed readily for a particulear teil-rudder com—
bination once the resonant value of sideslip is known by the use of
figures 2 and 3.

One last important effect of the alleron—locked maneuver can
be seen by a study of equation (9). This equation shows that in a
rescnant maneuver at the +time of meximum sidesllip the rudder 1s in
such a position as to increase the tail locad. The retio of this
rudder angle to the maximm rudder angle is plotted in figure k.

Experimental verification of the theoretical resulis predicted
for meneuver A was obtained from flight tests of a conventional
carrier-based alrplane conducted by the flight research section at
Ames. The flight-test data were cbtained from an airplane, the
rudder of which was connected to a rudder-oscillating mechanism
operated by a direct—current motor and gear box. The pllot was
furnished with an off-on switch, a pheostat for speed control, and
indicating tachameter attached to ‘the motor. The system gave very
nearly sinusoidal rudder motions over a frequency range of about
20 to 70 cyclea per minute and a rudder amplitude of about # 1. 2°,
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The effects of ailercn yaw are found by studying equation (28).
The first thing to notice fraom this equation is that the sign of k
is immaterial. That is, when Ci,. is neglected, the effects of

adverse or favorable yawing moment are the same. Further, according
to equation (28) the effects of alleron yaw must always decrease

the maximum sideslip angle and siuch decrease will be more for high
values of dihedral and less for high values of directional stability.
These results are summarized in figure 8 where equation (28) is
plotted ageinst CzB for various values of k with values of the
other neceassary perameters as in configuration 5 of table I. This
configuration was chosen as the worst case in that the ratio given
by equation (28) would be the lowest.

The entire discussion of the effects of the aileron yaw is, of
courge, limited to the approximation made in equation (15), that

; Cir

was small enough to be neglected. As a check on this, scms
a

7 Cz

computetions were made in vwhich the term _i—_; was included and
a

the results of part of these computations are also plotted in
figure 8. Only the results for a k of -0.06 are shown since they
deviated most fram the results already plotted. The figure shows
that the maximum error occurs when Czﬁ = O but that this error is
less than 2 percent. This indicetes that the conclusions of the
preceding paragraph are not affected by considering Czr and that

Ci,. can be neglected in the study of the effects of allercn yaw.

euver C: Ailerons ed.go as to reduce e roll,—~

Because of the complexlity of the formmlas developed in maneuver C,
a numerical study was mede for only a few cases., These cagses were
chosen to cover a wide enough range so that Interpolation of the
conclusions could be made. Thus the wvalue of ﬁcR/aAR given by

equations (35) and(36) was detsrmined and plotted against Cnao

for various velues of Q and k for configuretions 1, 3, and 5
of teble I. The results are presented in figure (9) which gives
the over—ell picture of the figsh-~tailing msneuver.

These results have been derived by neglecting czr and are only
for a high value of CzBo equal to —0.0021. The effects of Czr

have been discussed In the analysls of maneuver B and the same con—
clusicns are believed to apply to this maneuver. No variation of
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Hy and Hp with C between C = 0 and -0.12 1s given but the
IB ZB

general effects of a reduced Czﬁ can be estimated from figure 7.

Thus, as the value of Cza approaches zero the curves of figure 9
would approach unity.

Figure 9 also shows that the effect of aileron yaw is not
always to decrease the maximum sideslip angle. Thus the curves
for Q = O (mesneuver B) show a decrease in maximum sideslip angle
due to aileron yaw, while the other curves show that aileron yaw
may increase the maximm sideslip by as much as 5 percent for a
value of k = -0.025., (This value of k ocorrespopds to the approxi—
mate evalvation of aileron yawing mcoment k = _ .B_,)

Considering the case of zero aileron yawing moment (k = 0),
the curve in figure 9 for Q = 1 shows that the alleron—locked
maneuver does not represent the case of maximm sideslip for the
amount of roll developed, but that the ailerons cen be applied so
as to nelther lncrease nor decrease the roll dbut so as to increase
the sideslip by about 12 percent at a value of Cppo = 0.0009. A
far more likely and important case, however, is t in which the
pilot reduces the roll to some extent by use of the ailerons. The
decreage In sidesllip accompanying such a reduction in roll is linearly
proportional to the reduction in roll. Thus since the curve for
Q = 0, k = 0 (maneuver B with zero aileron yaw) represents the mini-
mum sideslip coincident with zero roll, then if the roll is reduced
30 percent (Q =0.7) from the maximum value obtainable at Q = 1, the
sideslip will decrease by 30 percent of the difference between the
curves for Q = 1 and Q = 0.

The figure shows that for high directional astablility the side~
8lip developed for a value of Q = 0.7 18 still only a few percent
below the alleron-—locked value and that even for @ = 0.5 the
alleron—locked value is not ultraconservative. Therefore, since
maneuver A is far easier to analyze than meneuver C and slnce the
maximum sideslip angles developed in maneuver A are as critical as
those developed in maneuver C for values of Q less than about 0.7,
the maximum resonant sideslip developed in an ailleron-locked
maneuver given by equation (12) appears to be the most useful as a
criterion for critical teil loads. Therefore only maneuver A l1s
used in the comparison made with transient and other dynamic
msneuvers in the remainder of the report.
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TRANSIENT MANEUVERS

The limitation imposed by using only the steady-state results
i1s serious and requlres considerable discussion. In fact, the
transient state which precedes the steady-state oscillation is of
even greater pracdtical Importaence because it represents e class of
maneuvers far more common than the fishtelling meneuver. This class
is any In whigh the rumdder 1s used periodically but only for a few
oscillations, the most common, of course, being one oscillation.
Further, these maneuvers are performed by airplanes for which the
fishtelling meneuver end other strenuous maneuvers such as the rolling
pull—out have no practical importance.

The study of maneuver A in this transient state requires con—
sideration of equation (7) Por the effects of the exponentials with
reletively small values of T. Considering only the resonant case
where ®~&B and using the fact that at the points of maximm side—~
slip within a given half cycle the contribution to the sideslip of
the terms contalning Gz and Gs are negliglble, end Gy reduces to
-1/A, the expression for Bj is obtained

—8ro cnsr"'l AT
(L~e )cosBT
AB 1 _

Ba=

At the maximum values of B,T = N so that the ratio of the maximum

sideslip after N/2 cycles BAN to the maximum sideslip in a steady
state oscillation fap is

Pag _ ( 1-eB (38)
BAR

Equation (38) is plotted in figure 10 ageinst N <for various
values of A/B. The results show that airplanes with a very low
value of A/B require a large number of cycles to build up to their
steady—state value but that airplanes with a value of A/B of
around —0.3 develop 85 percent of their final emplitude in the first
cycle. These results will be discussed at greater length in the
next sectlon.
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COMPARISON OF MAXIMUN SIDESLIP DEVELOFED IN FISHTAILIRG
ARD TRARSIENT MANEUVERS WITH THAT DEVELOFED IN
OTHER DYNAMIC MAREUVERS

The study of fishtailing and related maneuvers in comnection
with tall loads 1s of importance only if such maneuvers produce
tall loads that are more critical than those of other reasonsbly
probable maneuvers. There are two other dynamic maneuvers which
have been advanced as a basis for critical loads and which will be
used for comperison : the rudder kick and the rolling pull-ocut.

The first of these, the rudder kick, can be readily handled
by the methods of this report by solving equation (6) for
8in w (v -x) = 1. If this is done and the maximum value of B
is determined, the following value of sideslip results:

Ax
20n5rl-l < eT + 1 >
1.820(a/B)*+ 1]

PRK = = B,

But since the purpose of this section is to give an approximate
comperison between the maximm sideslips developed, the assumption

w11l be made throughout that BZ = Cng %E and that (A/B)®  1s
[+

negligible as compared to unity. This gives for the maxrimum side—
slip in a rudder kick

Cn (.‘.’L )
BREo = — Br, —c;;‘:-' e? 41 (39)
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Meking the same approximation in equation (12) and dividing the
result by equation (39) yields the ratio of the maximum sideslip
developed in an alleron—locked fishtailing maneuver PAR to the

meximum sideslip developed in & rudder kick, BRKO as

Pag
BRK,

[ 4
~

= (40)
2(a/B) (eA—%L + 1 )

A plot of equetion (40) against the ratio A/B is given in figure 11.
The figure shows that the fishtalling maneuver is more critical than
the rudder kick for values of A/B less than about =0.33. This
difference is accentuated when considering critical tall loads by the
fact that for the fishtailing maneuver at maximum sideslip the rudder
is in a position to increase the tail load (equation (13)); whereas

in a rudder kick at maximumm sideslip the rudder i1s in a position to
decrease the tall load.

The rolling pull-out has been analyzed to considersable extent in
reference 4., For the purposes of comparison the simplified formuls
developed in that report will be used. Thias formula gave the maximum
sideslip developed in a rolling pull-out BRP, a8

CL

CnB_‘

¢

It would not be fair to compere equation (L41l) with (12) on the
basis of equal 1lft coefficlents since the rolling pull—out is an
eccelerated maneuver. However, if the itwo maneuvers are made at a
falrly high speed and the rolling pull—out 1s made with a normsl
acceleration so as to increase the C& of equation (41) to unity, a
conparison between the two maneuvers Is Justifieble. Dividing

equation (12) by equation (41) with Cp = 1, the following ratio is
obtalined:
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BAR . Bro Cng,. (42)
ﬂRPQ (A/B) 53, c25a

Thus for the maneuvers to be equally severe, the maximum rudder angle
needs only to be a fraction of the maximum aileron angle depending

upon the value of (Cng ) /(C1g, A/B). Further, the position of the

rudder in the rolling pull-out maneuver is neutral; whereas, as has
been pointed out, in the fishtailing maneuver the rudder increases
the load.

A somewhat better perspective of the relation between the rudder
kick, the rolling pull—cut and the maneuvers studied in this report
can be cbtained from a study of figure 12. Here the valus of

BCna/8rlng, 1is plotted against A/B for the various maneuvers.

The maneuvers previously discussed as transient maneuvers, where

the alrplane motion was still in & transient state or where only a
few osclllations of the rudder were made, are represented by the
solid lines. Corresponding values of N are the number of half
cycles for which the rudder has been applied in order to reach the
value of sidesllip shown. The line for which N 1is equal to infinity
is the steady-state fishtalling maneuver already discussed. For
such & figure no restrictions on the velue of A/B are necessary
a:/lg. the extension is made to the case of neutral stability where

A/B = 0.

The shaded portion represents roughly the reglon of sidesliyps
reached by the rolling pull-out (using a value of from 1/5 to 1/6

for the ratioc 5r°cn5r/saczsa and setting Cp, = 1 in equation

(41)). The figure shows that the fishtailing maneuver is less
critical than the rolling pull-out for values of -A/B>0.2, the two
meaneuvers are ebout equally critical for values of -A/B between
eabout 0.2 and 0.15, and the fishtailling msneuver is more critical
for values of qA/B lese than about 0.15. If the rudder 1s oscil—
lated for only one and a half cycles, however, the sideslip built
up from such & meneuver is still greater then that in a rolling
pull-out for values of -A/B leses then arocund O.l.
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The dotted curve of figure 12 represents the maximm sideslip
developed by & rudder kick. The figure indicates that this value is
less than that ceused by one cycle of a rudder oscillation. In no
case, therefore, should the rudder kick be used as & tail-load
criterion, since for no airplane is the likelihood of just cne rudder
cycle at resonance too remote to be considered.

EFFECTS OF NONLINEAR SIDESLIP CHARACTERISTICS

All of the previous results were for cases in which the forces
end moments varled linearly with the angle of sideslip. In general,
of course, the forces and moments will be nonlinear and some method
must be developed to handle such ceses. Very often, especially for
alrplenes with high directional stability, the variations are
sufficiently close to the linear that equivalent linear curves may
be Immedlately established by approrriate fairing of the data. In
other cases, however, scme more adequate means must be supplied such
as numerical step-by-step computations, or scme analytical method
suitable for the problem involved. The methods of ncnlinear
mechanics developed in references 5 and 6 are particularly adaptable
to the problems of this report and their application to such prob—
lems is presented In the following materisl.

Consider first eguations (12) and (18). A study of the analogy
between these two equations leads to the comstruction of a third
equation similar to equation (16) except that A; and By (as
defined by equations (20) and (21) are replaced by A and B. Thus
the equation

231' Cnarp.
3B _ oy 88 2, 2 v = 0 L
= 24 35 + BB® + i sin Br (43)

is the equivalent equation of motion for an airpleane whose rudder 1is
applied sinusoldelly at resonance and whose silerons are fixed at
zero. The values of A and B, however, must stlll be determined
by the method explained in Appendix A.

!I
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The advantage of eguation (43) is that it can be readily
studied when A and B are not linear. For the study of such
nonlinear effects equation (43) is replaced by the equation

2
B, +3% +2(8,

sin ar = O (hk)
aT

)
), ro Cng,/

m
ic

vwhich is an equation that reduces to equation (43) when the non—
linear terms are neglected. The magnitudes of the parameters in
equation (44) are such that its solution will be some periodic
function of time. Following the methods of references 5 and 6, it is
assumed. that the solution is of the form

B =a cos (aT + @)
(45)

% = e
= aa 8in (aT+9)

where a represents the amplitude and - g the phase angle of the
solution. Both a and ¢ can be functions of the time but thelr
variation is assumed small and constant over a perlod.

The nonlinear and forcing terms of equation (k%) cen now be
replaced by the equivalent linear expression

dp
7\1 d'r+K1 B

so that
251-0 Cnbrlnl

i

M g% + K8 = £(B, %g) + sin ot (46)

The values of A, and K; are determined by balancing the fundamental
harmonics between the two sides. Thus if
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d=ar+ @
(47
Ad=a dT

then

2x
f (=120 sin ¢+ Kja cos ¢ ) sin 349
o

2x 2u8yp_ Cp
.f [r+ - arsin(o-cp)]sinodo
o (]

ax
f (2120 8in @ + Kja cos &) cos odd
o

ex 2“'51'0 Cnar
.,f [f+ 7 sin (tb—q:):l cos 9do
[o) C

or, since a and @ are constant over the period,

2“'51‘0 ' cnﬁr

al,

2x
K; = :‘—“ f P(a cos ¢,~ea sin & ) cos 3dd — sin © (48)
o
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2 2”'8!‘00118
A= if £(a cos 9,~ec sind) 040 — E cos @ (49)
aax J, aaic
Now equation (44) can be written
a2 d
Fg . ‘E?‘ + (B24Ky) B = O (50)

the solution of which will be of the form given in equation (45).
Inspection of equation (47) in connection with equation (45) shows
that the frequency of the assumed solution will be d®/dT. But the
frequency of a ﬁ._uﬁ,gg to equation (50) will be (neglecting second
order terms) + K3. Since these two must be equal

%g-a-}%-m
or
g%- 24Ky —-a (51)

As for the amplitude, consider equation (50) and let a solution
to this equation be § = a cos & whore a 1s a function of the time
not necessarily small. Fipding the first and second derivatives of
this solution and placing them in equation (50) and equating the
coefficients of the sine and cosine terms ylelds the equation
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or

£--% . (52)

Equations (51) and (52) define the period and amplitude of the
ncnlinear equation (46) within limits of error which will be discussed
later. These two equations are especially adaptable when steady-state

soluticns are desired. In such a case % and g'—:? are egual to

zoro so that if the more convenient variables are defined

. ax
Ag = g; f(a cos ¢, ~ ax sing ) sin 0 (53)
o
and
2 « B2 -]-'-f!‘ 2( |
e = a cos & ~ ax sin @) cos @49 (54)

Equations (51) and (52) became, respectively,

2u Cngy
g2 = o 4 °%o sin
a i,

? (55)
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2uby  Cng,,
Qaic

Ay =

cos @ (56)

Solving these eguations for the amplitude, a, glves

—

=‘/(az_%¢)2+h%a

a

and for a maximum

a = @y (57)

.- _ (58)

Consider now the application of equations (57) and (58) to the
solution of the motion of an airplane with nonlinear characteristics
Let the forces be defined by the equations

On = oBp = Mab + MaB® + Mp® (59)
CY = a% = 13B + 12B2+ 13 Bs (60)
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The value of Cp, due to the tall can be estimated from equation
(59) since the angle of attack at the tail caused by the yawing
velocity will be rl/V and the yawing moment will be

Cp =My (%‘-) + Mg (13-)'+M,'(%L)°

(w)nm - 32 - 8w o(B) (B w

(3
(B (B

vwhere the primes indicates tail—off minus tail-on values.

The method of including the nonlinear effects into the equivalent
equation of motion, equation (4k4), parallels the develomment of
equation (16) from equation (1%). Thus, since the added nonlinear

terms are smell, equation (44) cen be written for the nonlinear forces
given by equations (59) and (60) as

2u8p, C '
ﬁ_aAg'.E+BZB +——o-ia: sinq,-r_zaﬁn
a= ar i, ar

2 (gz_) P
8- (D A [T (8 w2 (B ]

2y, 21 2 .
+laMzic+ga§4s £ 0 (62)
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where only the variations of forces and moments with sideslip have
been considered. '

Now using equations (53) and (%)

oot B

%2, 324-&&2%!, (6h)

and if the variables s8; and sz are defined so that

nei R (A FE ] @
and
!z-g' f; 'g (66)

and the conditions for a maximum amplitudes presented in equations (57)
and (58) are used, there results
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BS 822 52 + B° (28182 + 832 ) + BY (82 + 28;) + BZ - Bp2= 0 (67)

vhere £ 1is the maximm sideslip developed with the nonlinear
characteristics and Bap is the sideslip if the nonlinear terms

are zera. Equation (67) is a quartic in B2 and its solution may
be found quickly by numsrical methods since cnly one root 1s
required end this root mmst be real and somewhat less than PBpp.

It should be noticed that the terms containing 1>, Mo, and No'
do not appear in equations (63) and (64) and, therefore, do not
affect the final amplitude or period. Such results can be general-—
i1ted to any value of 1y, M and Myx'! where k is even. Fhysically
this has the meaning that the lack of symmetry about the P = 0O
axis does not affect the steady—state amplitude and periocd of the
alrplane motion. Thus the first step in replacing an experimental
curve by a power series 1is to average the positive and negative

sides, that is set 2(B) = i [£(B) — £(—B). If the resulting
curve has a curvature proportional to ﬂk vhere k is even, let

Bk = Iﬂlﬂk-l and use this in equatiocns (53) end (5h)

In order to obtain some idea of the effects of nomlinearity om
the maximum apgles of sideslip in a fishtelling maneuver, the curves
ghown in figures 13 and 1k were chosen as possible variaticns of
Cy end Cp with B. The curves show both the nonlinear variations
used, the equations of which are

Cp = 0.024 B + 0.28% (€8)
Cy = — 0.kp — 0.88°

end also some experimental deata taken from tests on a fighter alr-—
plane. The experimental data were included to show that the
choices weres not unreascnable.
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Figure 15 presents the results of using equation (68) together
with the derivatives as given for configurations 5 and 6 in evaluat—
ing the maximum sideslip in a fishtailing maneuver. The figure
shows the maximm value of polonll for the nonlinear config-—

uration plotted against the value B°AR , the maximum sideslip

resulting if the nonlinear terms are neglected. The resulting
reduction in sideslip angle 1is, of course, a function of the ampli-
tude, but it is seen that when the linear theory predicts 30° of
sideslip, the nonlinear theory predicts around 200, a reduction of
10° in maximum sideslip.

The effects of the nonlinear terms in the transient stage can
also be found from equations (51) and (52) but such results would
be scmewhat less reliable, since the theory averages the nonlinear
terms over a period, a procedure vwhich would introduce more exror
when the amplitude of succeeding cycles was varying significantly.
However, the remilts of the linear theory are deemed sufficient
inasmuch as figure 10 can De used with the linear value of the ratio

A[B, provided that the value of Bpp in the ratio Bay/Bag is
replaced by the value derived omn the basis of the nomlinear theory.

Some idea of the error involved in the nonlinear theory
presented in this report can be cbtained by a study of the special
case of neutral dynamic stability with a linear and cublc variation
of C, with B. In such a case the equation of motion becomes

fgwnzn-e-ﬂ‘u,fg =0 (69)

Equation (69) has the advantage that an exact solutiom can be found
for it and this solution can be compared with that found by the
mathods of references 5 and 6 vhich is given by equation (67) with
'1 = 00

To solve equation (69) let
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dr
then
2 s
482 _ 28y X, TE By,
t B2
or
pa® = - 574 p"— (1/%) Mg §E 8, ¢+ Comstant (70)

Now when Bz = 0, B; 1is 2 maximum so that

0 = - B2 (1/2) By 2 ~ (1/8) “a% By, * + tonstant

and vhen

HO. o, ﬂto = BAR

where Bar is the maximum sideslip derived from the linear theory.

Hence

4
Bto, + Bt,o =—BAg- =0

W%
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or by using =z as defined in equation (66)

Bto = —3+/9+2E'2ﬁAB2

hlg

So the ratio of the approximete value of B‘o given by equation (67)
with 83 = 0, to the maximum sideslip rigorously derived, ’t s 18
(*]

(12)

This ratio is plotted in figure 16 as a function of BAp for
various values of sz. The error of the results presented in figure
15 as determined from figure 16 would be around 5 to 6 percent at a
BAg of 30°. This amounts to an increase of about 1° of sideslip in
20° of sideslip for the nonlinear results. These results correspond
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to 2 cubic variation (vhich represents a fairly large departure

from linearity) of C, with B for the case of neutral stability
as given by equation ?69). This comperison is therefore believed

to provide an adequate check of the general equation (equation (67)).

CORCLUSIONS

A general theory is developed for rudder osclllating maneuvers
in vhich varicus amounts of aileron deflection are applied. On the
basis of this theory which was verified by the specific analysis of
27 reyresentative sirplane configurations, the following general
conclusions are drawm:

1. Of the rudder—oecillating maneuvers considered, the ailermn—
fixed maneuver appears to be the most useful as a criterion for
vertical-tail lomds. Although sideslip angles as much as 18 percent
greater can be cbtained by particularily adverse combinations of
rudder and alleron control motions, the probability of maintaining
such adverse combirations over a sufficient time interval is con—
sidered remote.

2. The rudder-oscillating, aiieron—-ﬁxed mansuver produces
vertical—tail loads which compare with those produced in other
dynamic mansuvers as follows:

(a) The fishtailing maneuver can, for certaln airplane
configurations, be more criticel in producing tall
loads than the rolling pull—out mansuver.

(b) TYor certain airplane configurations one and one-half
cycles of rudder motion are sufficient to produce
tall loads of the sams order of magnitude as those
produced dby rolling pull-out maneuvers.

‘(¢) For all alrplane configurations one cycle of rudder
motion is sufficient to produce more sideslip than
that obtained from the rudder—xick maneuver.
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3. Methods are developed for including the effect on the
motion of the airplane of nonlinear variatioms of forces and
mements with angle of sideslip.

Ames Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Moffett Field, Calif,

APFENDIX A

The values of A and B used in the formmlas in this report can
only be determined by finding the complex roots to the quartic given
in terms of S Dy the egquation

(s - ;:—p) ’(c‘;'f) (-1 &)

(-2) (s-2) (-w2) |0

( “%%’> (2) (s-3°5)

The values-of the derivatives are usually such that equation (Al)
will have two real and two complex roots. In such cases the value
of A 1s equal tc the real part and the value of B is equal to
the imaginary part of either cne of the complex roots. In cases
vhere A 1s zero or positive, equations such as equation (12) do
not apply because the motion is divergent and no steady-state
solutions exist. Such cases do have meaning in figure 12, however,
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vhere they represent the line A4/B = O.

1.

5.

6.

k5

The values of A and B obtained for the configurations of
table I are listed in table III and interpolation can be mede in
this table to many airplane designs.
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TABIE I.— COMBINATIONS OF ATRPLANE STABILITY
PARAMETERS USED IN NUMERICAL COMRUTATIONS
Confi Principal
ura:bis;- Cng | Cip | Cxp| Cin| Cip | Cmp Cop |1a | 1o | B |CL Larianie
1 ]0.096|-0.12[|-0.% 0.06|-0.42}-0.03 }-0.120 p.12[0.1810 [0.2
2 .096] 0 -4 f .,06] =42} -.03 {120} .12{ .18[10 .2 -
3 00148 -.]-2 _Q,"' l°6 —-,"‘2 _503 -o072 012 018 10 .2 Ba, i
h‘ 001"8 0 -c}"‘ 006 -oh’e --03 —0072 012 018 10 .2 8ic
5 02k =12 -4 | ,06) —-.B2} -.03 |~-.048] .12[ .18 10 .2 '
6 002,* o -'ll' 006 -oha -.03 -.Ol"s .12 018 10 .2
7 024 0 -4 ,06] - 42| -,03 |-.048] .06]| .28 10 .2
8 024 © -4 06| -2} —,03 | -.048 | .12} .12|10 .2
9 0021" —112 _ol" ‘06 --1"2 -003 —.0‘48 .% .18 lo .2 m
10 024 ~12) 4| .06} —.42] —.03 {-.048] .12( .12ho | 2|t 1
11 096) =A2) <-4} ,06] .42 —.03 | -.120{ .06] .18 10 .2
12 096 =.12) =4 | 06| -.42] —.03 |-.120] .12] .12{10 .2
13 002]" 0 —oll‘ 006 —aua _003 _.0)"'8 -12 018 2.5 '2
1"" 'oeh' o —ol" 006 _oh‘e -003 —.0‘1-8 .12 -18 ‘-I»O .2
15 0096 o _ol“ .06 _ohg ""003 _0120 012 018 2.5 .2 (13
16 096! 0 —A | ,06] - 42| -.03 |~.120] .22]| .18 |40 2
17 0961 —.12| -4 ,06] - k2] -,03 {-.120( .12} .18) 2.5] .2
18 . =12 =.4| .06} =42} -.03 |-.120] .12] .18]k0 .2 .
19 024] © =4 ,06] -.42| -,03 |-.100] .12]| .18 10 .2
20 024 =12] -k} ,06] -.42] -.03 |-.200] .12] .18]10 .2 oy
21 .024) O -8 .06] —.42] -,03 |-.048] .12] .18]|10 .2 B
22 024 =22 -.8] 06] =.42] -.03 |-.048] .12] .18]10 .2 and
23 .096] -.12| =k} 06| -.42] -,03 | =272} .12] .18{10 .2 Cny
2k .096f —.12| —.8] .06 —.k2] ~.03 |-.120] .12]| .18]10 | .2},
25 024 O =] 03} =42} -,015] ~,047] .12 18|10 )
26 .02*" —.12 —-h' 003 "ok’a -001 -Qoh"? 012 018 10 ol CL
27 2096| —.12] —.k| .03} —.k2| —.05]~.119] .12] .18]10 .1
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TABLE II.— LIST OF COEFFICIENTS, FREQUENCIES, AND EXPONENTIALS
FOR EQUATION (2) FOR THE CONFIGURATIONS ‘LISTED IN TABLE I

'?Jl‘oziig; Al A2 Ci Cz Cq C,
1 ~0.01865 | —3.725 00271 0092 | -0119|-0.2869-
2 01403 {—=3.kok 0000 | ~0010 | 0009} —.3069
3 -.02210 |-3.781 0053 | 0138 | —0191| —-.3770
L .01398 |—3.487 0000 | 0018 | 0017{ —.k340
5 -.02711 |-3.818 0098 | o171 | -0269| —.b76k
6 .01389 |—3.482 0001 | —0024 | o02k| —,6140
7 01392 |=6.977 0001 | —0008 | —0006| —.6137
8 .01390 |~3.475 0001 | ~0028 { 0028| —~.5019

. 9 -.02705 [~7.18% 0098 | 0032 | —0130| —.1833
10 —.02840 |-3.880 0071 | 0187 | ~0258| —.3986
11 —-.01861 |-T7.166 0027} 0026 | ~0053] —,2851
12 —.01895 |—3.743 0018 | 0084 | -0103| —.2381
13 .01298 |-3.476 0017 | =0035 | 0021 {-1.2305
ik L0141k | =3.hok 0000 | —=0009 | 0010} —.306L
15 01347 1 =3.480 0003 | —0029 | 0026| —,6310
16 .01418 | 3,506 0000 | —0002 | 0003} —,152k
17 -.01811 | -3.480 0106 | =0028 | —0079| —.5907
18 —.01879 | -3.871 0007 | 0063 | —0068| —,1h7h
19 .01359 | -3.481 0002 | =0027 | ©0025| —.6179
20 ~.06640 | —3.828 0193{ 0187 |-0381] —.4782
21 .01359 {3,483 0002 | —0025 | 0023} —.6140
22 -.02678 | -3.832 0097 | 0185 | —0281) — 4742
23 -.03213 | -3,728 0038 | 0098 | —-0136| —.288%
24 ~.01848 |-3.732 0027 | 0098 | -0124| —.2863
25 .00350 |-=3.,500 0000 | =0003 | 0006} —.6129
26 ~,01881 |-3.67h 0065 | 0108 | -0173} -.5316
27 -.01310 |-3.618 3 0015 ] 0053 | 0069| —.296k4
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TABIE III.— LIST OF IMPORTANT PARAMETERS USED IN THE

REPORT FOR THE CONFIGURATIONS LISTED IN TABIE I,

Confi
urat1$ 1/ H : A/B

1 0.2959 | ~0.0123 |-0.0125 | —0,092
2 03059 "'00092 —00095 "0136
3 .3965 | —.ou34 | -.,0319 | -.059
5 A316 | ~,0246 | —.0176 | -.135
5 05089 -01557 e _.031
6 609k | —.0522 | —,0260 | -.152
7 6105 | -.0301 | —.0077 | -.15%
9 4938 —-.0453 ~.0141 -.063
10 4288 | —.092h | -.0503 | -.0k
1 2901 | -.0086 | —.0047 | —.099
12 24T | —,0065 | -.0066 | -.115
13 1.2165 -.1199 -.0033 -.306
1k 3053 | -.0073 | -.0188 | -.174
15 6158 | —,0286 | —.0067 | -.277
16 1530 | —.0020 | -.0039 | -~.067
17 5834 | —-.0311 | ~,0189 | -.224
18 1595 | —,0036 | -.0066 | —,036
19 6127 | -.0327 | —.0183 | -.2h2
20 .5120 —-.0523 -.0318 -.093
21 6090 | —,0377 | -.017k | -.212
a2 5081 | —.0618 | -.0335 | -.129
23 2974 | -.0087 | -.0089 | -.133
24 2955 -.0096 -. 0004 -.120
25 6116 -.0279 | -.0137 —. 14k
26 5525 | -.0808 | -.0218 | -.07%
27 3015 | -.0055 | —.0055 | -.110
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TABIE IV.— RATIO OF THE SIDESLIP ANGIES
DEVELOPED IN VARICUS MANEUVERS

Config- BARﬁ " EEB
tion
1 1.006 0.ThT
2 1.000 1.025
3 <95k 54l
L 1,003 1,048
5 945 .316
6 1.004 1,076
T 1,001 1,084
8 1,007 1,070
9 .985 682
10 931 372
1l S8k 833
13 1,000 1.089
iy .989 1.0k9
5 1,022 1.035
16 .995 1,011
17 1.009 .933
. 18 97T .559.
19 1.000 1,046
26 9h2 573
21 1,002 1.055
a2 .936 .558
23 .976 .800
24 973 «T195
22 1,000 1.2%
2 967 .
27 1.010 .864

NATIONAL ADVISORY
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